The scattering of seismic waves travelling in the Earth is not only caused by random velocity heterogeneity but also by surface topography. Both factors are known to strongly affect groundmotion complexity even at relatively short distance from the source. In this study, we simulate ground motion with a 3-D finite-difference wave propagation solver in the 0-5 Hz frequency band using three topography models representative of the Swiss alpine region and realistic heterogeneous media characterized by the Von Karman correlation functions. Subsequently, we analyse and quantify the characteristics of the scattered wavefield in the near-source region. Our study shows that both topography and velocity heterogeneity scattering may excite large coda waves of comparable relative amplitude, especially at around 1 Hz, although large variability in space may occur. Using the single scattering model, we estimate average Q C values in the range 20-30 at 1 Hz, 36-54 at 1.5 Hz and 62-109 at 3 Hz for constant background velocity models with no intrinsic attenuation. In principle, envelopes of topography-scattered seismic waves can be qualitatively predicted by theoretical back-scattering models, while forwardor hybrid-scattering models better reproduce the effects of random velocity heterogeneity on the wavefield. This is because continuous multiple scattering caused by small-scale velocity perturbations leads to more gentle coda decay and envelope broadening, while topography abruptly scatters the wavefield once it impinges the free surface. The large impedance contrast also results in more efficient mode mixing. However, the introduction of realistic low-velocity layers near the free surface increases the complexity of ground motion dramatically and indicates that the role of topography in elastic waves scattering can be relevant especially in proximity of the source. Long-period surface waves can form most of the late coda, especially when intrinsic attenuation is taken into account. Our simulations indicate that both topography and velocity heterogeneity scattering may result in large ground-motion variability, characterized by standard deviation values in the range 0.2-0.5 also at short distance from the source. We conclude that both topography and velocity heterogeneity should be considered to correctly assess the ground-motion variability in earthquake scenario studies even at intermediate frequency.
). At frequencies above 1 Hz, techniques are generally based upon a stochastic representation of source radiation combined with a simplified theoretical representation of wave propagation and scattering effects.
However, with the fast growth in computational power, it is becoming feasible to deterministically investigate both rupture and propagation phenomena at increasingly higher frequency (e.g. Pitarka 2009; Hartzell et al. 2010; Dunham et al. 2011; Shi & Day 2013) .
In the present study, we focus on the effects of topography and random velocity heterogeneity on near-source ground motion. Here we use the term near-source to indicate a separation distance from the source generally shorter than 50 km. The importance of topography on ground shaking has been documented in a number of studies using observed records of past earthquakes (Spudich et al. 1996; Assimaki et al. 2005 ) and numerical simulations (Geli et al. 1988; Bouchon et al. 1996; Komatitsch et al. 2004; Zhang et al. 2008, among others) . Topography is known to play a fundamental role also in volcanic regions (O'Brien & Bean 2009; Anderson et al. 2012) . Recently, particular attention was paid to the effects that topography has on nearby low-lying areas such as basins (Ma et al. 2007 ; Lee et al. 2009) . These studies have shown that the amplitude of shaking at the top of hills and ridges can be significantly larger than at the bases of hills or on level surfaces. Two classical examples are represented by the strong amplifications recorded at the Pacoima Dam site during the San Fernando earthquake (M w 6.5, 1971) and at the Tarzana site during the Northridge earthquake (M w 6.7, 1994) : the first site was located on a sharp ridge, while the second on a flat, broad hill. Moreover, macroscopic topographic features can either reduce or increase ground-motion amplitude in nearby basins depending on source position and rupture process (Lee et al. 2009) , with multiple reflections prolonging seismic shaking (Lee et al. 2008) .
On the other hand, velocity heterogeneities in the Earth crust are responsible of intense seismic waves scattering, resulting in coda waves widely documented in recorded time-series (Aki 1969; Sato & Fehler 1998) , envelope broadening (Sato 1989 ) and variations in waveform, amplitude and traveltime across nearby receivers (Flatté & Wu 1988; Zerva & Zervas 2002) . Many theories have been developed to explain the nature of coda waves (e.g. Aki & Chouet 1975; Wu 1985; Zeng et al. 1991) . Eventually, the scattering of elastic waves has become the subject of a series of studies applying deterministic and stochastic modelling (Frankel & Clayton 1986; Roth & Korn 1993; Saito et al. 2002; Nielsen & Thybo 2003; Pitarka 2009 ), targeted towards a deeper understanding of the scattering process, and deciphering the characteristics and distribution of heterogeneities in the Earth crust and mantle. Recently, have demonstrated that scattering can sensibly increase ground-motion complexity already at few kilometres away from the source, where source effects were generally thought to dominate (Guatteri et al. 2003; Aagaard & Heaton 2004; Ripperger et al. 2008) .
As shown by Bouchon et al. (1996) and Lee et al. (2009) , topography can scatter travelling waves and radiate diffracted body and surface waves, analogously to velocity heterogeneity. O'Brien & Bean (2009) and Kumagai et al. (2011) have conducted broadband numerical simulations of scattering from the topography and internal volcanic structure and found that topography appears to be the dominant scatterer in most cases.
In this work we analyse and compare the effects of topography and random velocity heterogeneity on the wave-field at short and intermediate distance from the source (R < 50 km), paying particular attention to coda waves and ground-motion variability. We explore ground motion in the 0-5 Hz frequency range using 3-D numerical simulations, considering rough topography models with different characteristics and realistic random velocity models representing the heterogeneous nature of the upper crust . We also test the hypothesis whether topography scattering could be used as a proxy for velocity heterogeneity scattering. If this conjecture is found to be true, engineering-oriented groundmotion simulations that include seismic wave scattering would become simpler because Earth topography is well known while the 3-D small-scale heterogeneous Earth structure is not.
T O P O G R A P H Y A N D 3 -D V E L O C I T Y M O D E L S
In this study, we consider three different topographies representing typical alpine and foreland areas in Switzerland. As shown in Fig. 1 , each of them contains particular characteristics. Model T1 (left) features large high peaks and a pronounced valley in the lowerright corner (Rhône valley, SW Switzerland); model T2 (centre) is asymmetrical, with altitude and topography roughness increasing towards the lower side (Swiss plateau); model T3 (right) is more uniform and presents crests alternating with deep troughs of different orientation (Engadin region, SE Switzerland). In particular, model T3 presents spatial features of shorter wavelength compared to the other two models.
Heterogeneous 3-D velocity models can be obtained by superimposing a spatial random field to a specific deterministic model, as described in . The random field is represented by a Von Karman power spectral density function, whose correlation length, Hurst exponent and standard deviation control the characteristics of the velocity perturbations. On the basis of borehole investigations (e.g. Holliger 1997; Dolan et al. 1998 ) and recent numerical simulations (e.g. Hartzell et al. 2010; , we set these parameters to 3 km, 0.3 and 7.5 per cent, respectively. According to Takemura & Furumura (2013) , these can be considered as average values for the upper crust. The initial background shear wave speed is constant and equal to 3000 m s −1 , but subsequently, we superpose a depth-dependent wave-speed profile. Fig. 1 shows a map view of the three heterogeneous models (labelled H1, H2 and H3) used in our study. All models have identical spectral characteristics but are initialized with different seed number. In these models the free surface, although flat, is not placed at reference level z = 0 but at the average elevation of the corresponding T-model. Therefore, for model H1 the free surface lies at z = 1575 m, for model H2 at z = 1097 m, and for model H3 at z = 2156 m. This ensures that the average hypocentral distance remains the same between two corresponding models.
Together with the heterogeneous models above, we consider also three unperturbed media with flat free surface (R1, R2 and R3), which will serve as reference models. A list of the models, including their main characteristics, is given in Table 1 .
Homogeneous background velocity models can be useful to study fundamental characteristics of topography and heterogeneity scattering, but they lack vertical layering and velocity gradients commonly present in 1-D velocity models of the Earth crust. These deterministic features alone are able to enhance groundmotion complexity. Moreover, as shown by Pitarka (2009) and , low-velocity layers close to the free surface can strongly affect the scattering of seismic waves. We therefore introduce a fourth set of models where the background shear wave speed is depth-dependent. Due to high computational costs, we introduce this new feature only for models R3, T3 and H3. We choose this particular set of models since T3 has the roughest topography and, therefore, the largest scattering potential. Following available studies for the alpine region in Switzerland (Husen et al. 2003; Steimen et al. 2003; Roten et al. 2008) , we adopt the 1D velocity model shown in Fig. 2 . This model is characterized by a low-velocity layer overlying a 2 km thick region with a linear velocity gradient. The minimum shear wave speed is 2300 m s −1 , a typical value for bedrock at shallow depths in the area under study (Steimen et al. 2003) . The resulting new models are indicated by the letter L (e.g. T3L).
All the models introduced so far are purely elastic. However, while anelastic attenuation (i.e. absorption) can be neglected in presence of high-velocity materials at short and moderate distance, the introduction of low-velocity layers requires visco-elastic modelling to simulate realistic wave propagation (e.g. Olsen et al. 2003) . We set attenuation as follows: for z above mean sea level (i.e. 0 km), Q S = 40, for z between 0 and −2 km (corresponding to the velocity gradient of our 1-D model) Q S = 100, for z below −2 km Q S = 300. Q P is approximated as 9 4 Q S . These values are in agreement with those proposed by Steimen et al. (2003) , Oprsal et al. (2005) and Bethmann et al. (2012) for the Siwss region. We refer to these new models as R3LQ, T3LQ and H3LQ.
In all our models, the V p /V s ratio is set to √ 3, while density estimates are obtained using the empirical relation proposed by Brocher (2005) .
SOURCE REPRESENTATION A N D N U M E R I C A L M O D E L L I N G
We deploy three point-like shear dislocations placed at x (= y) = 12.5 km (S1), x (= y) = 25 km (S2) and x (= y) = 37.5 km (S3), all located at depth z = −5 km (see Figs 1-3 ). These sources are characterized by a right-lateral strike-slip mechanism with a strike value of 30
• . The source time function is a smoothed version of the Brune function (Brune 1970) , presenting three continuous derivatives at t = 0:
where x 0 = 2.31. The smoothed Brune is similar to the standard Brune's ω 2 -model, but has a faster fall-off at high frequency, thus reducing the risk of frequency aliasing when analysing time snapshots of the wave field at the free surface.
The source time-function parameter ω is fixed such that the corner frequency is 1.0 Hz. Following Allmann & Shearer (2009) , it corresponds to a moment magnitude M w of 5.0.
In this study, we conduct numerical simulations with the secondorder finite-difference code WPP of Nilsson et al. (2007) . The numerical method is based on summation by part stencils, featuring efficient absorbing boundaries, vertical mesh refinement and Table 1 . Summary and main features of the models used in this study. We deployed a point-source at three different locations for all models. See the text for details. visco-elastic attenuation (Petersson & Sjögreen 2012) . In addition to heterogeneous material models, the code can handle complex topography by means of a curvilinear grid extending from the free surface into the computational domain to a user specified level, where it is replaced by a standard Cartesian grid. We set the gridstep to 40 and 26 m for the homogeneous and the heterogeneous models, respectively. Since accurate results are expected when at least 12-15 points per minimum wavelength are observed (Nilsson et al. 2007) , we low-pass filter all output synthetics at 5 Hz.
Although we consider only receivers within a 50 km long squared region at the free-surface (Figs 1 and 2) , the effective computational domain extends 70 km along the horizontal direction and 40 km in depth in order to dampen eventual boundary reflections. The computational time required by each simulations varies according to the grid-step, the presence of topography and intrinsic attenuation, ranging from few hours up to 16 hr on 12 288 cores of a BlueGene-P. To minimize the computational cost, we limit the maximum simulation time to 30 s if the source is placed in the centre (S2) of the models, and to 40 s otherwise (S1, S3).
Although the accuracy of WPP has been extensively tested (e.g. Rodgers et al. 2008) , recently Galis et al. (2013) have shown that accurate wave propagation in highly heterogeneous media can be challenging. In particular, by investigating the response of several numerical codes (including WPP) in the presence of strong random velocity perturbations, Galis et al. (2013) have found that all tested methods return waveforms whose similarity decreases with frequency and epicentral distance. Based on their work, our results are expected to be robust within the frequency, distance range and velocity variability explored in the present study (f max < 5 Hz; R max < 40 km; σ < 10 per cent). scattering mechanisms. In particular, we notice that topography scattering usually contains a direct S-wave immediately followed by large amplitude coda waves, whose amplitude drops quickly to lower levels. This observation holds for all our models independently of source position, with a partial exception in the northern part of model T2, which is characterized by very smooth topography. In this region scattered energy is more homogeneously distributed and, as seen in Fig. 3 , coda waves are mainly formed by backscattered waves towards the source due to rough topography in the southern area. Our simulations thus indicate that many topographic features, depending on the source position, are very efficient in generating important secondary phases that can travel coherently across the models.
In contrast, scattering due to random velocity heterogeneity produces lower amplitude ground motion, including direct P and S waves, and more gently decaying coda waves. For these models, peak ground motion can occur well beyond the direct S wave already at about 10-20 km far from the epicentre. We conjecture that these coda characteristics can be explained by a more continuous (in space / time) scattering process that occurs as the waves travel from the source to the site through the heterogeneous medium.
Introducing a realistic background velocity distribution, characterized by a low-velocity layer overlying a velocity gradient (Fig. 2) , has a strong impact on the recorded ground motion. In Fig. 4 , that also includes reference models R3, RL3 and RLQ3, long-period large-amplitude surface waves dominate the seismic profiles. These waves were barely developed in the constant background velocity models (see model R3). As a result, time-series for both topography and velocity heterogeneity models now contain significant energy spread over a much larger time-span, with peak ground motion related to strong surface waves, except at very short epicentral distances (<10 km). The bottom row of Fig. 4 demonstrates also the dramatic effect of intrinsic attenuation, accompanied by a reduction of both ground-motion amplitude and duration. Overall, intrinsic attenuation does not seem to severely affect ground-motion complexity, although it gradually filters out high-frequency energy. This is clearly visible in Fig. 5 , where we show sample velocity time-series and their spectrograms, at a receiver located on the free surface at x = 40 km, y = 40 km for a subset of models. The time-frequency analysis reveals another interesting difference between topography and velocity heterogeneity scattering: while velocity heterogeneity results in rather uniform time-series spectral signature, coda waves induced topography are gradually depleted in high-frequency energy, an effect similar to that of intrinsic attenuation to some extent. This behaviour is particularly visible in the uniform background velocity case (Fig. 5, left column) and is widely observed for all topography models, although local exceptions due to energy focusing and resonance phenomena at specific frequencies may occur. We attribute this phenomena to intense topography-induced mode conversion, described in other studies (e.g. Clouser & Langston 1995; Komatitsch & Vilotte 1998; Rodgers et al. 2010) , resulting in long-period surface waves forming most of the late-coda, as in Fig. 4 .
Coda analysis
A more quantitative analysis of the coda waves and their characteristics can be carried out by calculating the normalized root-meansquare envelopeĒ rms (t), defined as:
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http://gji.oxfordjournals.org/ Downloaded from where v i z (t) is the ith vertical velocity seismogram and n is the number of receivers at the same distance from the source. Eq. (2) expresses the relative energy content at each time sample, accounting for amplitude differences due to the continuous scattering process in the velocity heterogeneity models. Results for several models and hypocentral distances of 15 and 35 km are shown in Figs 6 and 7. Note that only receivers within the model boundary can be considered, implying some source-receiver azimuth gaps in the analysis, especially at 35 km. TheĒ rms envelopes are computed by averaging over source realizations S1 and S3. For model T2, due to the strong asymmetry of the topography, the two contributions are reported separately.
Here we consider only the vertical component of motion, analogously to many Q-coda studies (e.g. Mayeda et al. 1992; Tuvé et al. 2006) . Moreover, the vertical component is not affected by the large amplitude SH wave dominating the transversal component as a consequence of the chosen strike-slip mechanism. For the homogeneous background velocity models, the envelope analysis reveals that, at short distance from the source (Fig. 6, left column) , early coda-waves generated by topography are larger than those excited by velocity heterogeneity in a narrow (2-3 s long) time-window starting immediately after the average direct S-wave arrival time, marked by a vertical dashed line. We observe that this holds to some extent also for more realistic velocity models including near-surface low-velocity layer and intrinsic attenuation (Fig. 7, left column) . However, as time increases such difference vanishes quickly and coda become fairly comparable also at large time lapses (see insets in Fig. 6 , left column). An exception here is represented by model T2S3, showing smaller late coda due to the mild topographic profile in the upper-left area of model T2.
For constant background velocity and at larger distance from the source (Fig. 6 , right column), we observe a similar pattern although velocity heterogeneity may excite coda waves more efficiently in a time-window roughly comprised between the envelope peak and two times the direct S-wave arrival. Despite the limited source-receiver separation in our study, velocity perturbations already introduce a lag between the S-wave onset and the envelope peak, a characteristic widely observed in actual ground-motion recordings, especially at regional and teleseismic distances (Sato & Fehler 1998) . Topography only does not reproduce this observation, because direct waves travel undisturbed in the medium until they impinge the corrugated free-surface: as a result, envelopes appear highly asymmetric. However Fig. 7 suggests that topography can excite larger late coda (t > 2T S ) when these are mainly composed by surface waves, regardless of the distance from the seismic source. In this case, velocity heterogeneity affects mainly the interval between the P-wave and the surface wave onset, thus indicating a more efficient scattering of body waves. Figs 6 and 7 also illustrate that both topography and velocity heterogeneity are responsible for envelope broadening, that is, the apparent duration of envelopes increases with the propagation distance.
A straightforward measurement of scattering is represented by the coda-Q coefficient Q c , as introduced in the single scattering model of Aki & Chouet (1975) . This model assumes that scattering is weak and therefore multiple scattering can be ignored. The coda of local earthquakes is formed by waves that travel outward from the source, are back-scattered by heterogeneities in the lithosphere, and then propagate back to the receiver. The waves are attenuated along the paths from the source to the scatterer and from the scatterer to the receiver. The single-scattering model does not separate intrinsic and scattering attenuation, but instead combines them into a single term, Q c , that is used to quantify the coda decay rate through the following exponential form:
where f is frequency, A 0 (f) is the coda source factor, t is the lapse time, and t −n is the geometrical spreading function, where n can be equal to 0.5, 0.75 or 1 depending on the dominance of surface, diffusive or body waves (Sato & Fehler 1998) . Eq. (3) is valid for lapse times greater than twice the direct S-wave traveltime (Rautian & Aki 1978 ) and therefore we use it to evaluate only the late coda.
In the framework of our study, we relax the simplistic assumptions of the single backscattering as we are primarily interested in a relative comparison between coda waves. We set n equal to 1 for consistency with available attenuation studies, despite the presence of important surface waves in some of our models. Q c is then estimated by fitting the root-mean-square envelopes to eq. at receivers 25 km away from sources S1 and S3, located approximately in the centre of our models. We consider three frequency bands (0.75 ± 0.25, 1.5 ± 0.5 and 3.0 ± 1.0 Hz) typically used in attenuation studies. Results are summarized in Table 2 , showing that the difference between the late coda generated by topography and velocity heterogeneity is frequency-dependent and negligible at low frequency, while at high-frequency velocity heterogeneity scatters energy more efficiently than topography. However, this difference vanishes when the wave field is dominated by surface waves and both mechanisms result in comparable coda decay rates. The introduction of intrinsic attenuation increases the decay rate especially in presence of topography, as scattering occurs only at the free surface where the highest anelastic absorption is found.
Direct comparisons of our results with Q c values inferred for the Earth crust are limited by a number of factors, for example the use of a single time lapse in this study, compared to several time-windows applied to observational data, and the lack of intrinsic attenuation for a large group of our models. Measured coda Q is often found either close to the intrinsic attenuation as predicted by theory (e.g. Frankel & Wennerberg 1987) or to the total attenuation (e.g. Mayeda et al. 1992; Bianco et al. 2005) .
Although most of our numerical models are purely elastic (i.e. Q −1 i 1000), it would be incorrect to compare Q c with the scattering attenuation Q s , whose measurements can be obtained through the MLTW technique (Hoshiba 1993) , as pointed out by Hoshiba (1991) and Wennerberg (1993) . However, for models TLQ3 and HLQ3 a direct comparison with available Q c values is possible, revealing lower than expected values already at 1.5 Hz, and even more so at 3 Hz. Measurements of Q c made for different tectonic settings throughout the world show variations from region to region larger than a factor of 10 (Sato & Fehler 1998) . In general, Q c values in the range 50-100 at 1.5 Hz, and 150-200 at 3 Hz have been reported (e.g. Mayeda et al. 1992; Akinci & Eyidogan 2000; Tuvé et al. 2006 , among the others). The origin of this discrepancy is threefold: coda attenuation is known to present a time-lapse dependency, probably related to inhomogeneous distribution of scatterers and depth-dependent intrinsic attenuation in the crust (e.g. Hoshiba 1994) . In this study, we are obliged to evaluate Q c at a time lapse smaller than in many attenuation studies and, as shown in Tuvé et al. (2006) , this could lead to lower values. On the other hand, the shallow depth at which we deployed the point-source forces the seismic waves to propagate prevalently in the shallow low-velocity layer characterized by very high attenuation values, while databases used in attenuation studies usually comprise deeper events able to sample regions of the crust where attenuation is weaker (Bethmann et al. 2012) . As a result, our estimates are closer to those for the shallow crust (e.g. Kosuga 1992 ). At the same time, intrinsic attenuation is modelled as almost constant over the whole frequency range in our numerical simulations, although it is often reported to decrease rapidly with frequency already above 1 Hz. Therefore, we may overestimate the effects of intrinsic attenuation in the high-frequency range.
TheĒ rms (t) analysis presented in Figs 6 and 7 does not consider any potential space-variability of the coda envelopes associated to the topography and velocity heterogeneity distribution. We therefore introduce the total coda energy E c at each receiver:
which quantifies the energy content of coda waves. We set t 0 equal to the direct S-wave arrival time plus 3 s to minimize the effect of the ballistic wave in the calculations. In Fig. 8 , we show maps of the coda energy ratio derived by subtracting the coda energy of the velocity heterogeneity model (H) from the coda energy of the corresponding model with topography (T), dividing the result by the coda energy for the first model and multiplying the result by 100. A particularly interesting case is represented by model T2, where results are strictly dependent on the source position as a consequence of the irregularity of the topographic surface. In general, we find that topography constitutes the principal scattering mechanism in proximity of the epicentre for most of the models, but its contribution can be locally significant even at larger distances, depending on the characteristics of the free surface. This is not surprising since the strongest scattered waves emanate from locations of strong topographic gradients, as previously documented by numerical experiments (e.g. Pitarka & Irikura 1996; Hestholm et al. 1999; Ripperger et al. 2003) . Fig. 8 indicates also that intrinsic attenuation has a smaller effect in case of topography scattering, probably due to the long-period surface waves composing most of the coda wave train.
Array analysis
Directionality effects of the scattering process can be investigated more in detail using the vespagram analysis (Davies et al. 1971; Rost & Thomas 2002) , which calculates the power distributed among different directions of incidence (back azimuth, θ) and a specific apparent slownesses (u), or vice versa, by stacking seismic records at different reduced times depending on the relative location of the station. The resulting beam energy is then plotted along the time axis.
Here we consider an array formed by 17 receivers arranged in two concentrical circles, with radii of 750 and 1500 m, respectively ( Fig. 9 ; see Fig. 1 for the location of the arrays). These array dimensions allow us to treat travelling wave fronts as plane waves across the array without sacrificing back azimuth and slowness resolution. As we are primarily interested in determining the arrival direction of the seismic energy at the array, we consider only the vertical component of motion and use a 1.0-s-long sliding-window shifted along the seismogram. Fig. 9 depicts conceptually the back azimuth angle as well as results for three different models at a constant apparent velocity of 3 km s −1 . We find that most of the energy crosses the array at this specific apparent speed for the considered epicentral distances, with the exception of P waves in the early part of time-series.
First, we consider model T2, where the asymmetry characterizing topography is well reflected in the vespagram: for the selected array location, the arrival direction of most of the coda energy is comprised within a narrow back azimuth range (Fig. 9a) , indicating that waves are scattered by prominent topographic features located southwards of the array. High values of relative power indicate also at King Abdullah University of Science and Technology on September 9, 2015 http://gji.oxfordjournals.org/ Downloaded from that these waves cross the array coherently, thus confirming they originate from distant irregularities at the free surface. However, when the array is surrounded by regular topography, as in model T3, we observe scattered waves crossing the array from different directions, even opposite respect to the direct-wave travel path (Fig. 9b) .
On the other hand, the effects of random velocity perturbations are dramatically different, as shown for model H3 in Fig. 9(c) . While for model T3 some coherency is preserved even at large time lapses, coda waves crossing the array now appear to be incoherent already a few seconds after the S-wave arrival. Interestingly, this is in agreement with the observations of Dominguez et al. (2013) , who found a significant drop in coherency as coda waves built up for two local events at Long Beach, California.
We note also that the back azimuth angles of incoming waves for model H3 are more clustered around the direct-wave travel direction. The two dashed lines in Fig. 9(c) indicate how the back azimuth increases with time, thus suggesting a possible transition from forward-to back-scattering, in agreement with the model proposed by Sato et al. (2004) .
Radiation pattern
Recently, numerical simulations based on 2-D and 3-D models (Takemura et al. 2009; ) have demonstrated that small-scale velocity heterogeneities in the crust are able to effectively destroy the apparent S-wave radiation pattern as a consequence of seismic wave scattering (e.g. Aki & Chouet 1975) . Alternatively, mixing and coupling of SH and SV waves was suggested as a mechanism for the frequency-dependent radiation pattern distortion (Takenaka et al. 2003) . Out-of-plane effects are particularly important in presence of rough topography, and phase conversion can be widely observed (e.g. Hestholm et al. 1999; Rodgers et al. 2010) .
We therefore compare the effects of topography and velocity heterogeneity on the radiation pattern in three distinct frequency bands, 1.0 ± 0.5, 2.5 ± 0.5 and 4.0 ± 0.5 Hz. Following Takemura et al. (2009) , we consider the rms quantity
, where R and T are the absolute maximum amplitudes of the S wave in radial and transversal motions, respectively. Maximum values are extracted for receivers between 20 and 25 km from the epicentre in a 5-s-long time-window starting at the direct S-wave arrival time. Time-series are converted to acceleration and then filtered using a four-pole bandpass Butterworth filter prior to calculations.
Results for several models are shown in Fig. 10 , along with the theoretical A T value (dashed line). For those models featuring a low-velocity layer, this is replaced by average A T values found for the corresponding reference model. We note that both velocity heterogeneity and topography contribute to the radiation pattern distortion, which increases with frequency. The effect of topography, however, is generally weaker and strictly correlated to the roughness of the free surface, as can be seen in the almost unaltered radiation pattern in the northern quadrants for model T2. It is interesting to note that the distortion induced by a highly irregular topography, as in model T3, produces effects comparable to velocity perturbations except in proximity of the nodal axis, where the radiation pattern is less affected.
Our analysis also reveals that topography results in overall lower and more variable A T values, indicating a more efficient mode coupling compared to the velocity heterogeneity case due to of the higher reflection coefficient at the free surface. Intrinsic attenuation tends to reduce the radiation pattern distortion, most notably in the models with topography, in which energy is scattered exclusively at the free surface.
A more quantitative comparison with available observations (Takemura et al. 2009 ) is restricted mainly by the short epicentral distance range and the limited frequency bandwidth of our simulations. However, qualitatively, we notice that our synthetic data generally agree with observations, except for somewhat larger A T values at high-frequency. This discrepancy could originate from non-pure strike slip mechanisms and non-dc source components in the aftershock sequence analysed by Takemura et al. (2009) .
Ground-motion variability
The analysis of well-recorded earthquakes reveals a large variability of ground-motion intensity measures such as PGA or PGV in the near field (e.g. Shakal et al. 2006) . This variability may originate from differences in local site conditions, from wave propagation effects such as scattering of seismic waves, and from complexities of the rupture process. The latter is thought to be significant, particularly in proximity of the fault (e.g. Guatteri et al. 2003) . On the other hand, scattering is generally thought to play an important role at large distances (Spudich & Chiou 2008) .
However, have shown that small-scale velocity heterogeneity can be responsible of significant groundmotion variability even at short distances from the fault. This complexity is reflected not only in the variability of scalar intensity measurements (PGA, PGV), but also in the drop of time-series coherence between neighbouring stations. Strong velocity perturbations may even blur significantly the wavefield signature of Mach wave fronts .
In Figs 11 and 12 we show how velocity heterogeneities and topography affect PGV at 10 and 30 km from the source for our models with constant and variable background velocity, respectively. For each station, we define the residual as ln(
, where PGV ref is the PGV value from the corresponding reference model. We consider the geometric mean of peak motions in the horizontal plane and neglect those receivers within 5
• from the nodal planes to minimize the influence of values biased by radiation pattern effects. Additionally, in Table 3 we report the mean (μ) and the intraevent standard deviation (σ ) of the residuals shown in Fig. 11 . The latter expresses the variability for a single simulation considering all receivers at the same distance. The standard deviation value reported in Table 3 is averaged over all three source realizations.
Results indicate that random velocity perturbations generate overall larger ground-motion variability than topography. Although the average standard deviation is almost identical at close distance from the source, it is roughly doubled at 30 km. We observe that the same holds for those models featuring a shallow low-velocity layer. It is worth noticing that intrinsic attenuation decreases the groundmotion variability of about 0.06 units of standard deviation in average, as a result of the dramatic amplitude drop of coda waves (Fig. 4) . Similarly, continuous scattering through the volume results in larger apparent attenuation, indicated by lower mean values of residuals for those models containing velocity heterogeneity. Such behaviour is not surprising, as synthetics of models with topography have larger peak amplitudes due to shear waves (Fig. 3 ) and surface waves (Fig. 4) .
Although smaller, the variability induced by topography is not negligible. By comparison, standard deviation from empirical ground-motion prediction equations at 30 km on rock soils (Abrahamson et al. 2008) . It is therefore important to consider the combined effect on ground-motion variability of both topography and velocity heterogeneity. For this purpose, we compute synthetics for a new model obtained by blending models T3 and H3. Model T3 represents an interesting case because it is characterized by larger sigma than other topography models. We neglect low-velocity layers and intrinsic attenuation to limit the computational cost. Moreover, Table 3 . Note that each white histogram is partially transparent to let the back-standing dark grey histogram be fully visible.
as shown in Table 3 , they have only a second order effect on PGV variability. For the new model, we obtain average intraevent standard deviation values of 0.41 and 0.56 at 10 and 30 km, respectively. These values are higher than those obtained for models T3 and H3 separately, especially at very short distance. This indicates that the combined effect of rough topography and velocity heterogeneity further increases ground-motion complexity at all distances.
D I S C U S S I O N A N D C O N C L U S I O N S
We have carried out numerical experiments to understand differences and similarities between the scattering due to topography and velocity heterogeneity. One of our goals was to examine whether topography could be used as a proxy for heterogeneity scattering, which, if true, would facilitate realistic 3-D ground-motion simulations for engineering purposes. We have focused our attention on the near-source region (R < 50 km), where the strongest ground motion is observed and relatively few observations are available. Limiting the extension of the numerical models, and therefore their computational costs, allowed us to simulate ground motion up to 5 Hz including realistic features as low-velocity velocity layers and intrinsic attenuation. We deployed a point source characterized by an ω 2 spectrum, with corner frequency around 1 Hz, as we are interested in wave propagation effects only. Random velocity heterogeneity distributions are modelled using Von Karman autocorrelation functions, whose parameters are based on previous studies (e.g. Takemura & Furumura 2013) .
We consider three topography models of the Swiss alpine region with different degrees of roughness and height distribution characteristics, making them representative of many other mountain regions around the world. In this study we do not include sedimentary basins, which are known to greatly influence wave propagation (e.g. Stupazzini et al. 2009 ), as we are primarily interested on the effects of the random, small-scale lateral velocity variations.
Our simulations reveal that the two scattering mechanisms are intrinsically different, and result in different wavefield characteristics. In particular, from the analysis of root-mean-squared envelopes in homogenous background velocity media, we observe that topography produces asymmetric ground-motion envelopes at all epicentral distances considered, with amplitude peaks corresponding to the direct S wave and then exponentially decaying to lower amplitude levels. On the contrary, velocity heterogeneity scattering results in envelopes where the lag between S-wave onset and peak increases with epicentral distance (Fig. 6 ). This feature is normally observed in recorded seismograms worldwide (Sato & Fehler 1998) . Taking into account these differences alone, we conclude that topography scattering cannot be used as an approximation to velocity heterogeneity scattering.
In Fig. 13 , we show conceptual waveform envelopes according to the multiple S-to-S scattering model of Zeng (1991 Zeng ( , 1993 and the Markov approximation of the parabolic wave equation (e.g. Sato 1989; Sato & Fehler 2007 ). The first model, based on the radiative transfer theory, provides the temporal energy decay of multiply isotropic backscattered waves in a uniform random medium. The second model accurately describes diffraction and scattering around the forward direction. The Zeng's model is also applied in the hybrid broadband synthetics technique of Mai et al. (2010) .
Interestingly, comparisons between Figs 13 and 6 suggest that topography scattering can be reasonably approximated by backscattering models. On the other hand, forward-scattering models better predict velocity heterogeneity scattering, at least in the early coda section. Our conclusion is supported by the analysis of arrival directions at small-aperture arrays, indicating that coda waves generated by topography scattering are mainly composed by backscattered waves, including long period surface waves. Table 3 . Note that each white histogram is partially transparent to let the back-standing dark grey histogram be fully visible. Table 3 . Mean (μ) and intraevent standard deviation (σ ) of residuals shown in Fig. 10 . σ is calculated separately for each simulation over receivers at a given distance, and then its mean value is returned. Velocity heterogeneity scattering produces incoherent body-wave energy scattered predominantly in the forward direction. At larger time lapse, however, an increase in the back-scattered energy component would indicate that hybrid models, as the one proposed by Sato et al. (2004) , combining forward-and back-scattering, may effectively explain wave envelopes from onset to late coda in random media having rich short wavelength spectra.
We also find that our simulations are in good agreement with the empirical observations of Wagner (1997) for regional wave propagation in southern California and Nevada, who suggested that P-and S-wave trains are composed by forward scattered energy and that scattering sources are located in a limited volume subparallel to the path of the direct arrivals. Wagner (1997) also found that only surface waves exhibit a character consistent with the random scattering model for coda generation.
The differences between scattering due to topography and velocity heterogeneity illustrated so far can be explained considering the different scattering mechanism at the base of the two set of models. Multiple scattering caused by small-scale velocity perturbations, occurring continuously in the whole volume, leads to more gentle coda decay and to envelope broadening. On the other hand, if only topography is present, the wave field propagates undisturbed until it impinges the corrugated free surface, where large impedance contrasts lead to well-developed early coda immediately after the direct wave. At the same time, this mechanism can result in strong reflected and diffracted phases by prominent topographic features and also in more efficient mode mixing, as shown in our radiation pattern analysis.
Our simulations also reveal that topography and velocity heterogeneity scattering can produce comparable coda-wave energy, mainly around 1 Hz, although large variability in space should be expected. We find that simply changing the source position translates into relevant increase/decrease of coda waves. Similar results for Northern Taiwan were found by Lee et al. (2009) , who described a complex interaction between topographic effects and source location. Eventually, topography scattering can be the dominant process, especially if the seismic source excites surface waves. Analogous conclusions were reported in O' Brien & Bean (2009) , who compared the effects of volcano topography and internal heterogeneous volcanic structure and found that topography acts as the principal scatterer. Recently, Magnoni et al. (2014) analysed the wave field generated by the M w 6.3 L'Aquila earthquake, remarking that the Arrows mark P-wave first arrival time. Bottom: RMS envelopes produced by a double-couple point-source in a medium with uniform scatterers distribution according to the multiple S-to-S scattering model of Zeng (1991 Zeng ( , 1993 for two different scattering coefficients (modified after . Arrows mark direct S-wave arrival time. Markov envelopes are dominated by forward scattering, while Zeng's envelopes are determined by backscattering. Note that the envelopes are conceptual and not aligned in time.
sole introduction of topography in their models improved the fit between synthetics and observed seismograms in the coda part of the signal.
The presence of near-surface low-velocity layers has a dramatic effect on the simulated ground motion. We find that shallow sources can generate large amplitude surface waves scattered by both topography and velocity heterogeneity that dominate synthetics in a wide distance range. Resulting time-series envelopes show a timedependent lag between the S-wave onset and the envelope peak, corresponding to the surface wave train. recently reported that low-velocity layers increase coda wave amplitude and duration by trapping energy close to the free surface. Our results confirm the importance of shallow subsurface structures for waveform complexity, as also pointed out by Spudich & Bostwick (1987) and Dodge & Beroza (1997) , who found evidence for near-surface scattering in Southern California. Similarly, Vernon et al. (1998) observed frequency-dependent scattering occurring in the weathered layer underneath the Pinyon Flats array.
As most of the scattering occurs in proximity of the free surface, wave propagation simulations at intermediate frequency require intrinsic attenuation Q −1 i to be taken into account. In our approach, we model absorption as constant over the whole 0-5 Hz frequency band. This may lead to overestimated attenuation towards the upper end of the spectrum, since Q −1 i is expected to decrease with frequency above 1 Hz (e.g. Sato & Fehler 1998) . Although a more realistic representation of intrinsic attenuation is highly desirable, given the limited frequency band of our simulations, we consider our findings robust. Similar to O'Brien & Bean (2009), we notice that intrinsic attenuation reduces coda duration but not waveform complexity. As a result, the wavefield for models featuring a low-velocity layer and intrinsic attenuation is more complex than for elastic models with homogenous background velocity.
Complex wave propagation effects influence also the radiation pattern recorded at the surface and the ground-motion variability. Our investigations indicate that rough topography could play an important role in the distortion of the source radiation pattern, a frequency-dependent phenomenon typically attributed to velocity heterogeneities (Takemura et al. 2009 ). investigated a large number of random velocity distributions and demonstrated that velocity heterogeneity can induce relevant ground-motion variability already at distances in the range of 10-25 km from the source. At such short distance, the ground shaking was generally thought to be dominated by source rupture complexity (e.g. Ripperger et al. 2008) . Intraevent standard deviation estimates obtained in this study are in agreement with the work of and indicate that the PGV variability and the apparent attenuation induced by topography is always lower than those associated with velocity heterogeneity, although the difference reduces sensibly at very short distance (e.g. 10 km).
However, we note that PGV variability values derived from combining topography and velocity perturbations are comparable with those derived from dynamic rupture simulations in the near-source region as obtained by Ripperger et al. (2008) and from empirical ground-motion prediction equations (e.g. Abrahamson et al. 2008) . This further confirms the importance of modelling complex wave propagation phenomena such as scattering in the near source region even at intermediate frequency. We therefore advocate the inclusion of both topography and velocity heterogeneity in earthquake scenario simulations to fully explore the possible range of ground motion.
The seismic source used in the present study is simple but sufficient to isolate and study wave propagation phenomena. However, to further investigate the complex interaction between source and surrounding medium and to compare resulting wavefields with observational data, the introduction of finite-fault ruptures with realistic high-frequency radiation (e.g. Dunham et al. 2011 ) is mandatory. This additional complexity and detail in the modelling setup and data analysis is beyond the scope of this study, but will be presented in a forthcoming paper focused on the groundmotion modelling of the well-recorded M w 6.6 Western Tottori earthquake.
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